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The future mobile communications systems 
will provide increasing data rates to satisfy 
the service requirements of the users. This 
means that the radio performance of 
especially the mobile terminals becomes 
more important and has to be as good as 
possible. Thus, it is very important to be able 
to evaluate the performance of the antennas 
of the mobile terminals in a realistic way. 
This thesis deals with methods to 
characterize the ﬁeld environment and the 
radiation of mobile terminals. The 
characterization is based on spherical wave 
expansion of the ﬁelds, which provides the 
opportunity to obtain a compact and 
comprehensive description of the entire 
problem including the base station, the 
multipath propagation channel, and the 
mobile terminal with multiple antennas to 
enhance the transfer capacity. 
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1. Introduction 
1.1 Scope 
The evolution of cellular wireless mobile networks can be discretely grouped 
into various generations. The first generation (1G) networks introduced in the 
1980’s were represented by an analog wireless access system primarily for 
voice traffic [1]. These networks were then superseded by digital second 
generation (2G) networks. Third generation (3G) networks were a significant 
leap over 2G developed in early 1990’s, providing much higher data rates, 
significant increase in voice capacity, and supporting advanced services and 
applications, including multimedia. With the success of 2G and 3G, recently 
fourth generation (4G) wireless networks have been introduced to meet the 
increased consumer demand on high data rate applications—such as music 
and video downloading, web browsing, and multimedia sharing.   
In mobile communications, the antennas on mobile terminals are an 
indispensable part of the system. They can be considered as transition devices 
between guided waves and free space waves and play an important role to 
determine the system performance for a particular propagation channel in 
which the antennas operate. Thus, it is very important to be able to evaluate 
the performance of the antennas of the mobile terminals in a realistic way. 
Furthermore, it is essential to understand the coupling between the antennas 
and the propagation channel comprehensively to optimize the antenna 
performance in the environment and thus maximize the system performance. 
Therefore, theoretical and practical investigations in antenna design as well 
as in radio channel modeling are drawing the considerable attention of 
researchers. As a consequence both antenna and channel measurements take 
a central part in mobile communications. 
Today, near-field scanning over canonical geometries – planar, cylindrical, 
and spherical – is extensively used for determining the antenna far-field 
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pattern together with near-field to far-field (NF-FF) transformation 
algorithms [2]. Apart from these, techniques for more special scanning 
geometries, e.g., plane-polar, plane-bi-polar etc. have been developed [3-4]. 
Scanning can also be performed for synthesizing fields using the virtual array 
principle. For example, an approach to the spherical wave modeling of radio 
channels has been proposed in [5] and here the field synthesis becomes useful 
in finding the spherical mode field responses of the radio propagation channel. 
The 4G wireless radio technologies such as the long term evolution (LTE),  
long term evolution advanced (LTE-A) and worldwide interoperability for 
microwave access (WiMAX) have introduced multiple-input multiple-output 
(MIMO) technique in order to improve wireless network performance in terms 
of data throughput and reliability [6-7]. The MIMO technique involving 
multiple antennas at both terminals supports performance-enhancing 
techniques such as spatial multiplexing, beam forming, and spatial diversity 
[8-10]. The MIMO performance in a multi-antenna communication system 
depends on the spatial features of the propagation channel and on how much 
of the available degrees of freedom (DoF) in the channel can effectively be 
exploited. This is heavily influenced by the construction of the terminal, 
especially with respect to the placement of the antenna elements [11-13]. 
Over-the-air (OTA) testing is one widely used method of evaluating the 
terminal antenna performance. It is able to take into account the antenna and 
device characteristics, and radio propagation conditions in some extent [14-
16]. However, it is important for such so-called MIMO OTA test systems that 
they are capable of synthesizing an electromagnetic environment, which 
realistically represents the environment where the device operates. One 
possible way to synthesize radio channel environments is through the 
exploitation of multi-probe technology [17-20].  
1.2 Objectives and contents 
The goal of this thesis is to find practical and theoretically justified ways to 
describe both the field environment of the propagation channel and the 
radiated fields of mobile terminal antennas and antenna systems using the 
spherical wave theory. In this thesis, advanced measurement methods that 
facilitate the radio wave propagation channel as well as mobile terminal 
antenna characterization are developed.   
The main scientific results of this thesis are presented in publications [I-
VIII]. The contribution of this thesis to the research field can be divided into 
Introduction 
 
21 
three parts. The first part of the thesis concerns on the channel-independent 
antenna characterization and performance assessment with spherical wave 
decompositions [IെIII]. In the second part, the DoF of the propagation channel 
is reported, where a novel aspect of computing DoF from spherical wave 
decomposition is considered [IV]. The third part focuses on the multi-probe 
based OTA testing for MIMO antenna performance evaluations [VെVIII].  
In this thesis, the main results are summarized into a large scientific 
context. The summary is organized as follows. Chapter 2 gives a short 
introduction to the theoretical background of the spherical wave expansion 
(SWE), which is extensively used in this thesis. Chapter 3 focuses on 
measurement method applied to radio channel modeling and near-field 
antenna measurements. A novel type of a measurement method is reported for 
both purposes. The experimental validation of the method is studied in 
Chapter 4. Importantly, a novel method for the estimation of the DoF of the 
propagation channel is reported in Chapter 4. In Chapter 5, synthesis and 
emulation of realistic radio channels in anechoic environments for OTA 
testing of multi-antenna mobile handsets is analyzed. A summary of the 
publications consisting this thesis is presented in Chapter 6. Finally, the 
conclusions and possible ideas for future research are given in Chapter 7. 
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2. Spherical wave expansion  
The results of this thesis are based on the spherical wave theory applied for 
characterizing both the field environment of the propagation channel and the 
radiated fields of mobile terminal antennas. This relevant theory, which is 
based on the use of the SWE [21] constituting a set of orthogonal basis 
functions in spherical coordinates, will be presented in this chapter. In this 
thesis, SWE is used as a theoretical basis for analyzing the radiated fields. All 
radiated fields are assumed time-harmonic. 
The antennas and propagation channel described by means of the 
electromagnetic field can be expressed in terms of the truncated series of the 
SWE. Due to the cut-off property of spherical wave series, the number of terms 
in such truncated SWE is controllable and only depends on the antenna 
dimension radiating in a propagation environment. This SWE has been 
applied widely in spherical antenna measurements, e.g., in [21]. The notations 
of the SWE used in this chapter of the thesis are similar to that of [21]. The 
time dependence of the electromagnetic fields assumed in this thesis is ݁ି௜ఠ௧, 
where ߱ is the angular frequency of a radio-frequency (RF) signal. The electric 
field in a source-free region of space can be written as a weighted sum of the 
spherical wave function as   
ܧതሺݎǡ ߠǡ ߮ሻ ൌ ݇ඥɄ଴෍෍ ෍ ܳ௦௠௡ሺ௖ሻ
௡
௠ୀି௡
ܨത௦௠௡ሺ௖ሻ ሺݎǡ ߠǡ ߮ሻ
ஶ
௡ୀଵ
ଶ
௦ୀଵ
ǡሺʹǤͳሻ 
where ܧതሺݎǡ ߠǡ ߮ሻ is the electric field in standard spherical coordinates (ݎǡ ߠǡ ߮ሻ; 
݇ is the wave number;ߟ଴ ൌ ඥߤȀ߳  is the free-space field impedance; ݏ,݉ and ݊ 
are the spherical mode indices; ܳ௦௠௡ሺ௖ሻ are the spherical vector wave coefficients; 
and ܨത௦௠௡ሺ௖ሻ ሺݎǡ ߠǡ ߮ሻ  represent the power normalized spherical vector wave 
functions in spherical coordinates. It is known that the ܨത௦௠௡ሺ௖ሻ ሺݎǡ ߠǡ ߮ሻ functions 
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are separated into radial, elevation and azimuth functions, where the radial 
functions are specified by the upper index ܿǡ the elevation functions are the 
Associate Legendre functions and the azimuth functions are the exponential 
functions. Index ݊ represents the degree of the radial function, index ݉ is the 
index for the azimuth function and values of ݏ ൌ ͳ  and ʹ , represent the 
transverse electric and the transverse magnetic field. The functions 
ܨത௦௠௡ሺ௖ሻ ሺݎǡ ߠǡ ߮ሻare defined as 
ܨതଵ௠௡ሺ௖ሻ ൌ ݌௠௡ ൝ݖ௡ሺ௖ሻሺ݇ݎሻ
݅݉ തܲ௡ȁ௠ȁሺܿ݋ݏߠሻ
ݏ݅݊ߠ തܽఏ ൅ ݖ௡
ሺ௖ሻሺ݇ݎሻ  തܲ௡
ȁ௠ȁሺܿ݋ݏߠሻ
ߠ തܽఝൡሺʹǤʹሻ 
and 
ܨതଶ௠௡ሺ௖ሻ ൌ ݌௠௡ ቐ
݊ሺ݊ ൅ ͳሻ
݇ݎ ݖ௡
ሺ௖ሻሺ݇ݎሻ തܲ௡ȁ௠ȁሺܿ݋ݏߠሻ തܽ௥ ൅
ͳ
݇ݎ
ቀ݇ݎݖ௡ሺ௖ሻሺ݇ݎሻቁ
ሺ݇ݎሻ
 തܲ௡ȁ௠ȁሺܿ݋ݏߠሻ
ߠ തܽఏ 
൅ ͳ݇ݎ
ሺ݇ݎݖ௡ሺ௖ሻሺ݇ݎሻሻ
ሺ݇ݎሻ
݅݉ തܲ௡ȁ௠ȁሺܿ݋ݏߠሻ
ݏ݅݊ߠ തܽఝ
ቋǡሺʹǤ͵ሻ 
with    
݌௠௡ ൌ
ͳ
ξʹߨ
ͳ
ඥ݊ሺ݊ ൅ ͳሻ ൬െ
݉
ȁ݉ȁ൰
௠
݁௜௠ఝǡሺʹǤͶሻ 
where തܲ௡ȁ௠ȁሺήሻ  is the normalized Associate Legendre function as defined by 
Belousov [22]. The radial function ݖ௡ሺ௖ሻሺ݇ݎሻ is one of the functions 
ݖ௡ሺଵሻ, spherical Bessel function 
ݖ௡ሺଶሻ, spherical Neumann function 
ݖ௡ሺଷሻ, spherical Hankel function of the first kind 
ݖ௡ሺସሻ, spherical Hankel function of the second kind 
where ܿ ൌ ͳ and ʹ correspond to radial standing waves, finite or infinite at 
the origin, respectively, whereas ܿ ൌ ͵ and Ͷ correspond to radial outgoing 
and incoming waves, respectively. Due to the well-known cut-off property of 
the spherical wave functions, the expansion in (2.1) can be truncated 
appropriately at a finite݊ ൌ ܰ, where the truncation number is  
ܰ ൌ ሾ݇ݎ଴ ൅ ݊ଵሿǤሺʹǤͷሻ                                                 
Hence, the expansion of the electromagnetic field with the truncated series of 
spherical wave functions becomes     
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ܧതሺݎǡ ߠǡ ߮ሻ ൌ ݇ඥɄ଴෍෍ ෍ ܳ௦௠௡ሺ௖ሻ
௡
௠ୀି௡
ܨത௦௠௡ሺ௖ሻ ሺݎǡ ߠǡ ߮ሻ
ே
௡ୀଵ
ଶ
௦ୀଵ
ǤሺʹǤ͸ሻ 
In (2.5), ݎ଴ is the radius of the minimum sphere that fully encloses the device, 
݊ଵ is a small integer number, and the square brackets indicate the nearest 
integer number greater than or equal to the number inside the brackets. 
Typically, ݊ଵvaries from ݊ଵ ൌ Ͳ to ͳͲ [21] depending on the desired accuracy of 
the field characterization. For electrically relatively small antennas, for 
instance, antennas with ݎ଴ ൏ ʹߣǡ a clearly smaller value, e.g., ݊ଵ ൌ ʹ can be 
applied [23]. ߣ is the wavelength of the carrier frequency. The spherical wave 
mode, indicated by index݆ is calculated from݆ ൌ ʹሺ݊ሺ݊ ൅ ͳሻ ൅ ݉ െ ͳሻ ൅ ݏ and 
the total number of modes in the spherical wave characterization is ܬ ൌ
ʹܰሺܰ ൅ ʹሻ. 
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3. Method for radio channel and near-
field antenna measurements: cubical 
surface scanning  
The MIMO systems have attracted much attention from the late 90’s [11, 24-
25], which utilize multiple antennas at both ends of the communication link.  
They exploit spatial information of radio wave propagation and have the 
potential to provide significant improvement in system performance in terms 
of, e.g., link reliability and data rates. An illustration of the elements of the 
MIMO link, i.e., antenna arrays at both terminals and propagation paths, is 
shown in Figure 3.1. The ௧ܰ and ௥ܰ are the number of antenna elements at the 
transmitter (Tx) and receiver (Rx), respectively. The propagation channel 
describes the behavior of the electromagnetic fields, which is antenna 
independent whereas the radio channel describes the channel responses 
including the antenna effect and propagation channel.  
  
 
Figure 3.1.  The MIMO link. 
In MIMO systems, the antennas are fundamental elements and play an 
essential role in maximizing system performance for a given propagation 
channel. Therefore, comprehensive understanding of the phenomena of 
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interaction between the antennas and the propagation channel is essential for 
analyzing and optimizing the system performance. To study the antenna-
channel interaction, [26] introduced the double directional channel model that 
describes the angle of departure (AoD) and angle of arrival (AoA) of the 
propagation paths.  
The most common approach to consider the realistic propagation phenomena 
for the evaluation of wireless systems is the use of channel models, e.g., [27-
35]. The conventional channel models have been constructed based on many 
measurement campaigns, but in most cases, the number of measurement 
samples has been insufficient of modeling every possible propagation scenario. 
Another critical issue in the channel modeling research is the limitation of the 
channel modeling method. The majority of the methodologies for the modeling 
and calculation of the coupling of the electromagnetic signals from the channel 
to the terminal are typically based on the multipath components or plane 
waves [26-35]. In the plane-wave, based modeling an assumption is made that 
the signal at the terminal is a superposition of a finite number of plane waves 
arriving at the terminal. However, in indoor scenarios, in particular, this 
underlying assumption for representing the signal at the terminal may not be 
very concise. In such scenarios, the dense multipath components are present 
which consist of diffuse or random scattering that causes weak and possibly 
very densely located multipath components and hence, it is relevant to 
consider the channel as a general near-field channel. This thesis, instead of 
traditional plane-wave and far-field based modeling, concentrates 
alternatively on the spherical-wave modeling of the electromagnetic 
environment created by the propagation channels and considers more general 
conditions of the channel without assuming a fixed number of plane waves.   
The basis of the spherical-wave modeling is presented in Chapter 2. The 
well-known empirical relation (2.5) between the geometrical dimensions of the 
antenna and the highest index of the radial spherical wave modes can be used 
to increase the accuracy of the field characterization and computational 
efficiency. Furthermore, compared with widely used plane-wave methods, the 
proposed approach provides data reduction due to the orthogonal properties of 
the spherical harmonics and the compactness of the field characterization. 
Thus, the spherical-wave modeling becomes an attractive, new opportunity for 
propagation channel modeling.  
In spherical-wave modeling, the idea is to consider the responses of the radio 
channel for different spherical wave mode fields. This chapter describes how 
the required spherical mode responses of a channel can be extracted from the 
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measurement data acquired on a cubical scanning surface. Firstly, Section 3.1 
introduces the double directional channel models for MIMO link in free space. 
The multimode representation of the channels is presented in Section 3.2. 
Section 3.3 discusses the method of calculating the required spherical mode 
responses of the channel from data acquired using cubical scanning. 
Furthermore, the so-called azimuthal mode decomposition (AMD) technique 
that allows the reduction of the computational burden for the data extraction 
is presented in Section 3.3. The cubical scanning for near-field antenna 
measurement is also discussed in Section 3.3. Finally, summery of the 
contributions of this thesis is presented in Section 3.4.  
3.1 Double directional channels 
According to the double directional channel concept, the radio channel is 
divided into the propagation channel and antennas. The propagation channel 
considers multipath components as discrete plane waves departing from the 
transmitting antenna and arriving at the receiving antenna through the 
propagation environment. The multipath components are defined with specific 
parameters, e.g., complex amplitudes, AoAs, AoDs, delays, and polarizations. 
Considering a MIMO link as illustrated in Figure 3.1, the input-output 
relation is given by 
ݕത௥ ൌ ܪനݔҧ ൅ ߦҧǡሺ͵Ǥͳሻǡ 
where ܪന א ԧேೝൈே೟ is the radio propagation channel transfer matrix mapping 
the transmit signals ݔҧ  א ԧே೟ൈଵ  to the receive signals ݕത௥ א ԧேೝൈଵ ; ߦҧ א ԧேೝൈଵ 
represents the complex white Gaussian noise at the receiving antenna ports.  
It has been known for a long time that the multipath components seem to 
arrive in concentrated bundles which are referred to as clusters and are 
understood as propagation paths diffused in space, either or both in delay and 
angle domains. Generally, angular power spectrum (APS) of the clusters is 
modeled by, e.g., Laplacian–distribution that is defined by nominal AoA/AoD 
and angular spread of arrival and departure (ASA/ASD). In multipath 
channels, the statistical distributions of the APS corresponding to the 
horizontal and vertical polarization are decoupled in azimuth and elevation 
directions, and such channels are referred to as three dimensional (3D) 
channel. The power azimuth spectrum (PAS) and power elevation spectrum 
(PES) in 3D models are defined separately. In two dimensional (2D) channel 
models such as SCM, SCME, WINNER II and IMT-Advanced, the APS is 
limited to the horizontal plane with Laplacian-distributed PAS [27-33].   
Method for radio channel and near-field antenna measurements: cubical surface scanning 
 
30 
An (u,s)െth entry of the MIMO channel matrix in (3.1) represents a radio 
channel from ݏ െth transmitting antenna element to ݑ െth receiving antenna 
element, which can be written in a 2D case as [27] 
ܪ௨ǡ௦ሺݐǡ ߬ሻ ൌ ෍ ෍݁௜ௗೞ௞ ୱ୧୬൫థೖబǡ೗൯
௅ೖబ
௟ୀଵ
ቈܨ୲୶ǡୱǡ୚൫߶௞బǡ௟൯ܨ୲୶ǡୱǡୌ൫߶௞బǡ௟൯
቉
୘
൤ߙ௞బǡ௟ǡ୚୚ ߙ௞బǡ௟ǡୌ୚ߙ௞బǡ௟ǡ୚ୌ ߙ௞బǡ௟ǡୌୌ൨
௄
௞బୀଵ
 
                                     ቈܨ୰୶ǡ୳ǡ୚ሺ߰௞బǡ௟ሻܨ୰୶ǡ୳ǡୌሺ߰௞బǡ௟ሻ቉݁
௜ௗೠ௞ ୱ୧୬൫టೖబǡ೗൯݁௜ଶగఔೖబǡ೗௧ߜ଴൫߬ െ ߬௞బǡ௟൯Ǥሺ͵Ǥʹሻ  
The ݇଴is the number of clusters, ͳ ൑ ݇଴ ൑ ܭ; and ݈ is the multipath index 
inside a cluster, ͳ ൑ ݈ ൑ ܮ௞బ; ߶and ߰ are the azimuth angle of departure and 
arrival; ݀௦ and ݀௨ are the distances of the ݏ െ th transmitting and ݑ െ th 
receiving antenna elements from the phase center of the each antenna array; 
ܨ୲୶  and ܨ୰୶  are the radiation patterns of the transmitting and receiving 
antennas measured at the coordinate origin, respectively. The subscripts  
and   represent the vertical and horizontal polarizations, respectively; 
ߙ௞బǡ௟are the polarimetric path gain; and ߥ௞బǡ௟is the Doppler shift of path݇଴ǡ ݈. 
The ߜ଴  is the Dirac delta function. ߙ ’s, ߰ ’s, and ߶ ’s define the APS of the 
propagation channel. Considering all the entries the size of the channel matrix 
of the MIMO link at a discredited time instant t becomesܪന௧ א ԧேೝ୶ே೟  where 
ͳ ൑ ݐ ൑ ܶ. 
3.2 Multimode representation of channels 
The multimode representation of the channel and antenna by means of SWE 
of the electromagnetic field has been discussed in [5]. The receive signals, ݕത௥ in 
(3.1) can be approximated by means of a radiated far-field from the transmit 
antenna array as [5, 36-37] 
ݕത௥ ൌ ധܴ തܽ ൅ ߦҧǡሺ͵Ǥ͵ሻ 
where,  ധܴ א ԧேೝൈ௃  is the antenna receiving coefficients, characterizes the 
receive ௥ܰ –port antenna described by ܬspherical wave modes, and  തܽ א ԧ௃ൈଵ is 
a vector containing the expansion coefficients of incoming waves.  ധܴ is known 
from measurements or from analytical models, whereas തܽ  can be obtained 
from computer simulations or extracted from channel sounding 
measurements. It is noted that (3.3) gives the information at one side of the 
channel, more specially, the receive side. However, for MIMO links, it is 
required to characterize the channel at the transmit side too. The transmitted 
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signals, ݔҧ , are mapped into the outgoing SWE coefficients of, തܳ  א ԧ௃ൈଵ, by the 
antenna transmitting coefficients ܶന א ԧ௃ൈே೟, as  
തܳ ൌ ܶനതǤ ሺ͵ǤͶሻ  
The channel is then described as the ܯന א ԧேೝൈே೟ matrix [5], which maps the 
modes excited by the transmitting antenna to the modes exciting the receive 
antennas or the vice versa as shown in Figure͵Ǥʹ. The mapping between the 
outgoing waves തܳ at the Tx and the incoming waves തܽ at the Rx can then be 
written as 
 തܽ ൌ ܯന തܳǤሺ͵Ǥͷሻ 
Hence, combining (3.3) – (3.5), the input-output relation for a MIMO link is 
defined as [5] 
ݕത௥ ൌ ധܴܯന ധܶݔҧ ൅ ߦҧǡሺ͵Ǥ͸ሻ       
where the MIMO channel matrix ܪന is expressed as  
ܪന ൌ  ധܴܯന ധܶǤሺ͵Ǥ͹ሻ        
One of the important issues in the propagation modeling is antenna de-
embedding. Such propagation channel responses, ܯനallows complete antenna 
de-embedding, and hence, once such a channel matrix is available, it can then 
be applied, e.g., for MIMO and ultra wide band performance studies of 
arbitrary antennas both at the Tx and Rx without a need to repeat the 
measurement every time for a new transmit or receive antenna [38-40, IV].     
 
Figure 3.2.  Representation of the propagation channel with antennas. 
3.3 Method  
In the spherical wave modeling, one needs not only to perform the 
measurements and modeling but also to develop proper measurement 
methodologies, which provide the possibility for appropriate data extraction. 
From the theoretical point of view, spherical scanning would be evidently the 
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optimum way to perform the scanning for the purposes of spherical wave 
characterization of the propagation channels. It is known from the spherical 
wave theory that in the case of a spherical scan surface, the required 
excitations for generating any spherical wave mode are very well-known and 
the spherical wave generation is robust and stable [21]. Although being 
obviously the optimum in theory, the spherical scanning for the channel 
measurement purposes may be impractical in some situations compared to, 
e.g., linear scanning. Linear scanners are very widely used in laboratories, and 
they clearly provide a possibility for both practical and fast scanning of large 
volumes. The disadvantage of the linear scanning is, however, that it does not 
readily support spherical wave characterization of the radiation channels, i.e., 
finding out the response of the channel against different spherical mode 
excitations of an antenna. Essentially, linear scanning supports well the 
acquisition of cubical scan data. This thesis analyzes the relations between the 
cubical scanning and spherical wave characterization of the radio channels, 
and methods of calculating the required spherical mode responses of the 
channel from the data acquired using cubical scanning. The practical and fast 
ways of robust data extraction of the parameters of general near- and far-field 
radio channels are examined with the possibility to include the effect of 
general antenna patterns [IെII], [IV]. Hence, application of such a scanning 
technique both at the Tx and Rx allows the generation of complete spherical-
mode to spherical-mode channel matrix by measurements.  
Spherical near-field antenna measurement is a well-established technique 
for determining the 3D radiation pattern of an antenna, where SWE is used to 
model the antenna radiation. It is a natural choice for many applications 
because if offers both a practical measurement geometry and a possibility for a 
conventional mathematical formulation of the problem. It is seen from (2.6), 
that the radiated field is completely determined by the antenna coefficients of 
the SWE. The purpose of the spherical antenna measurement is to find the 
unknown antenna coefficients by performing the scanning on a spherical 
surface. The fact that linear scanners also provide a convenient option for 
gathering measurement data on a cubical surface makes the cubical surface 
scanning an interesting possibility for 3D pattern measurement. In this thesis, 
cubical surface scanning is also applied for near-field antenna measurement 
and for related NF-FF transformations [III].    
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3.3.1 Cubical scanning geometry 
This section presents the cubical surface geometry and scanning scheme used 
for generating the mode field in the application of spherical-wave modeling 
and near-field antenna measurements [IെIV]. A virtual cube is considered 
centered in the Cartesian coordinate system (ݔǡ ݕǡ ݖ ) such that there are 
ଵܰ ൈ ଵܰ sampling locations on each face of the cube. Each face of the cube is 
divided into ଵܰ ൈ ଵܰ smaller squares of equal size, and the sampling locations 
are at the centers of these squares leading to ஼ܰ ൌ ͸ ൈ ଵܰଶ sampling locations 
in total.  There is some difference in the scanning scheme for the mode field 
synthesis and near-field antenna measurement applications. For field 
synthesis, scanning is performed for three orthogonal probe polarizations at 
each sampling location [IെII, IV] whereas for the NF-FF transformation in 
near-field antenna measurements, scanning is performed for two tangential 
polarizations [III].   
In [41], the cubical scanning is examined for two different cases: i) scanning 
with only two tangential electric Hertzian dipoles and ii) scanning with two 
tangential electric and two tangential magnetic Hertzian dipoles. It is found 
out that the cubical scanning with two tangential electric dipole probes does 
not give a possibility to generate all the desired spherical wave modes 
accurately. On the other hand, including both the electric and magnetic dipole 
probes provided the possibility to generate all the desired spherical wave 
modes accurately. This is in line with the Huygens’ Principle. However, in a 
practical measurement scenario this would evidently and unfortunately mean 
that one should use two different types of probes. Hence, the three orthogonal 
probes polarization is used for generating any arbitrary fields. An example for 
ଵܰ ൌ Ͷ with the length of the side of the cube ܽ is shown in Figure ͵Ǥ͵. 
                                            
Figure 3.3.  Cube Scanning Geometry for ࡺ૚ ൌ ૝. 
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3.3.2 Field synthesis using direct matrix method 
This section deals with the synthesis of the radiated field using the cubical 
scanning technique either at the Tx or Rx side shown as in Figure 3.2. The 
radiated electric far field of any desired spherical wave mode ݆, and only this 
mode is referred to as target field and presented by vectorܧത௧௔௥ǡ௝ [I]. ܧത௧௔௥ǡ௝ is 
calculated using (2.6) with ܿ ൌ ͵. Then the target is to find out a set of 
complex input signalsݔҧ௝ for the probe in the different sampling locations and 
polarizations such that the sum field radiated by the probe in the different 
sampling locations and polarizations would equal to the target field. The 
approach to find out the input signals is to match the probe fields to the target 
field [I].  In a matrix form, the relation between ܧത௧௔௥ǡ௝ and  ݔҧ௝ is as follows [I] 
ܧധ஼ݔҧ௝ ൌ ܧത௧௔௥ǡ௝ǡሺ͵Ǥͺሻ    
where  
ܧത௧௔௥ǡ௝ ൌ ܨധ തܳ௝Ǥሺ͵Ǥͻሻ 
ܨധ א ԧଶ௅ൈ௃  contains the spherical far-field pattern function of each single 
spherical wave mode which is independent of radial component and ܮ is the 
number of angular samples of the antenna far-field pattern. The vector 
തܳ௝contains ‘1’ in an ݆ െth of തܳ௝ and ‘0’ in all other entries. The coupling matrix 
ܧധ஼ א ԧଶ௅ൈே೅consists of complex electric fields of all antenna elements of the 
virtual array. The number of unknowns்ܰ ൌ ͵ ஼ܰ, is the number of sampling 
locations on the cube times the number of probe polarizations. Then the input 
signals to the virtual array for exciting the ݆ െth spherical wave mode ݔҧ௝ is 
calculated using (3.8) through a matrix inversion as  
ݔҧ௝ ൌ ܧധ஼றܨധ തܳ௝ǡሺ͵ǤͳͲሻ 
where Ș denotes the pseudo inverse. Finally, these signals are applied on the 
probes over the cubical surface for the generation of the synthesized target 
field vectors ܧത௦௬௡ǡ௝ for all spherical wave modes.  
In practical measurements or scanning scenarios, the measured data is 
always contaminated by noise. It is also well-known that inverses may amplify 
noise. Hence, the stability of the pseudo inverse in (3.10) may be a problem 
when there is too much noise. Therefore, the noise sensitivity of the cubical 
scanning is analyzed by introducing certain noise level in the input signals of 
the probes. A complex white Gaussian noise resembling the measurement 
uncertainty is added to the input signals, i.e., ݔҧ௝ǡ௡௢ ൌ ݔҧ௝ ൅ ߩഥ ൈ ݔҧ௝ , where 
entries of ഥ  are given by ࣝࣨሺͲǡͳሻ . Here ݔҧ௝ǡ௡௢  consists of the noisy signals, 
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ߩ ൌ ͳͲିଶis used as noise amplitude. The synthesized field, ܧത௦௬௡̴௡௢ǡ௝for each 
spherical wave mode is then calculated using the following equation 
ܧത௦௬௡̴௡௢ǡ௝ ൌ ܧധ஼ݔҧ௝ǡ௡௢Ǥሺ͵Ǥͳͳሻ                         
The robustness of spherical wave mode generation over a 2-octave band for 
different cubical scan schemes of  ଵܰ ൌ ͷǥͳͲ for ܽ ߣΤ ൌ ͲǤ͸ǥʹǤͶis investigated 
[42]. In order to evaluate the accuracy of the spherical mode generation, 
maximum normalized ݊-mode error ߝ௡ሺ݊ሻ[I] is analyzed in the presence of 
noise. The ߝ௡ሺ݊ሻ  reflects the maximum error in generating spherical wave 
modes as a function of ݊ǡ and it likewise leads to an insight on how many 
sampling locations per cube side, are required to generate any spherical wave 
mode up to ݊ ൌ ܰ  within the maximum allowable error level. The ߝ௡ሺ݊ሻ  is 
defined as 
ߝ௡ሺ݊ሻ ൌ ൣ߳௧൫ሺʹሺ݊ െ ͳሻሺ݊ ൅ ͳሻ ൅ ͳ൯ǥʹ݊ሺ݊ ൅ ʹሻሻ൧ǡሺ͵Ǥͳʹሻ                         
where ߳௧ሺ݆ሻ ൌ  ൤หா
തೞ೤೙̴೙೚ǡೕିாത೟ೌೝǡೕห
୫ୟ୶หாത೟ೌೝǡೕห ൨  is the maximum error between the target 
ܧത௧௔௥ǡ௝ and the synthesized  ܧത௦௬௡̴௡௢ǡ௝ field vector as a function of spherical wave 
mode ݆ [I].  
The significant factors, which influence the uncertainty in generating the 
spherical wave modes up to a certain spherical mode index, are the cube size 
in wavelengths and the number of samples. The natural explanation for this is 
the cut-off property of the spherical wave series. When the cube size in 
wavelengths increases, this cut-off occurs at a higher truncation numberܰ. 
Also increasing  ଵܰ generally lowers the uncertainty. 
It is anticipated that the post processing of the measured data required by 
the cubical surface scanning is computationally intense [I, IV, 38, 42].  Hence, 
any technique to reduce the computational burden would be beneficial. In the 
next subsection, the AMD technique is presented in the application of the 
spherical mode field synthesis, which provides the possibility to reduce the 
computational burden of the matrix inversion in (3.10).  
3.3.3 Field synthesis using azimuthal mode decomposition method 
The AMD technique is presented in [II] to be applied in connection with 
cubical surface scanning and subsequent data processing. The AMD technique 
can be applied as a preprocessing step to reduce the computational burden of 
the data processing. The method is applicable with a general probe as it is 
independent of the probe pattern.   
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Field synthesis using the direct matrix method does not pose any strict 
requirements either for the sampling locations or for the probe orientations 
and polarizations as far as (3.8) remains well conditioned. In other words, the 
sampling locations do not need to be equally spaced on each surface as shown 
in Figure 3.3. However, the use of AMD does have certain specific 
requirements. These requirements are related firstly to scanning locations and 
secondly to probe orientations and polarizations in sampling locations. These 
two requirements are discussed in the following subsections.  
Requirement for scanning locations
As a starting point, let us consider a cubical surface scanning geometry as 
illustrated in Figure 3.3 with the example case with  ଵܰ ൌ Ͷ . It is easily 
noticeable that the cube surfaces can be divided into ଵܰ ൅ ʹ  layers with 
different ݖ  coordinates as shown in Figure 3.4(a). The ݖ  coordinates of the 
layers 1 to 6 in this example are 0.5a, 0.375a, 0.125a, െ0.125a, െ0.375a, and 
െ0.5a, respectively. The sampling locations at layers 1 and 6 are shown in 
Figure 3.4(b), and those for the layers 2 to 5 in Figure 3.4(c). 
 
(a)                                            (b)                                          (c) 
Figure 3.4.  (a) Scanning locations on ଵܰ ൅ ʹ ൌ ͸ (numbered from 1 to 6) layers along the ݖ 
axis. (b) Probe locations for layers 1 and 6. (c) Probe locations for 2 to 5. 
The requirement for scanning locations is that one must be able to divide all 
the sampling locations to subsets of four sampling locations in such a way that 
the four sampling locations in each subset are separated by ͻͲ଴in߮ but their 
ߠ and ݎ coordinates are the same. This leads to the fact that the sampling 
locations 1, 5, 9, and 13 in Figure 3.4 (c) form one subset fulfilling the 
scanning requirement. Similarly, the sampling locations 2, 6, 10, and 14 form 
one subset fulfilling the scanning requirement and it is clear that ultimately 
all the sampling locations can be divided into subsets of four sampling 
locations on layers 2 to 5. It is also clear that the sampling locations can be 
divided equally well into subsets of four sampling locations also on layers 1 
and 6.  
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Requirement for probe orientations and polarizations 
The second requirement concerns the probe orientations and polarizations.  
As said earlier, generally three orthogonal probe polarizations are needed at 
each sampling location for the field synthesis. The requirement for the probe 
orientations and polarizations is that they remain the same in terms of the 
sphericalݎ,ߠ, and ߮unit vectors in all those sampling locations that belong to 
one subset of four sampling locations. This is equal to what one would have if 
the traditional ߮ scanning with ͻͲ଴increment in߮ irrespective of the probe is 
performed.   
Let us consider one subset of four sampling locations, e.g., the locations 1, 5, 
9, and 13 on layer 2 (see Figure 3.4(c)), and let us assume that the probe in the 
sampling location 1 is ݔ െ oriented and ݕ െ polarized. Then the probe 
orientations and polarizations in the probe locations 5, 9, and 13 must be 
ݕ andȂ ݔ , Ȃ ݔ  and െݕǡ  and െݕ andݔ , respectively. For clarity, this example 
case is illustrated in Figure 3.5, where the dashed long arrows represent the 
probe orientation vectors and solid short arrows represent the probe 
polarization vectors.  
 
Figure 3.5. The probe orientations (dashed long line) and polarizations (solid short line) with 
ͻͲ଴separation in߮. 
Principle of AMD  
It is noted that (2.6) can be rewritten by using the azimuthal ݉ -mode 
truncation as [21] 
ܧതሺݎǡ ߠǡ ߮ሻ ൌ ෍ ܥҧ௠ሺݎǡ ߠሻ݁௜௠ఝ
ெ
௠ୀିெ
ሺ͵Ǥͳ͵ሻ 
with  
ܥҧ௠ሺݎǡ ߠሻ ൌ ݇ඥɄ଴෍ ෍ ܳ௦௠௡
ܨത௦௠௡ሺଷሻ ሺݎǡ ߠǡ ߮ሻ
݁௜௠ఝ ǡሺ͵ǤͳͶሻ
ே
௡ୀ୫ୟ୶ሺଵǡȁ௠ȁሻ
ଶ
௦ୀଵ
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where ܥҧ௠ሺݎǡ ߠሻ is the azimuthal mode coefficients of the field. The scanning 
requirements for probe locations and for the probe orientations and 
polarizations discussed in the previous two subsections imply that the term 
ܥҧ௠ሺݎǡ ߠሻ in (3.13) remains the same for the field radiated by the probe for all 
the sampling locations in each subset of four sampling locations since the ߠ 
and ݎ coordinates are the same for these four sampling locations. The key 
principle of the AMD is the exploitation of the following orthogonalities with 
(3.13): 
ͳ
Ͷ෍݁
௜௠ሺఝାఝ೛ሻ ൌ  ሾǥ ߜିସ௠ ൅ ߜ଴௠ ൅ ߜସ௠ ǥ ሿ݁௜௠ఝ
ସ
௣ୀଵ
ǡሺ͵Ǥͳͷܽሻ 
ͳ
Ͷ෍݁
ି௜ఝ೟݁௜௠ሺఝାఝ೛ሻ ൌ  ሾǥ ߜିଷ௠ ൅ ߜଵ௠ ൅ ߜହ௠ ǥ ሿ݁௜௠ఝǡ
ସ
௣ୀଵ
ሺ͵Ǥͳͷܾሻ 
ͳ
Ͷ෍݁
ି௜ଶఝ೟݁௜௠ሺఝାఝ೛ሻ ൌ ሾǥߜିଶ௠ ൅ ߜଶ௠ ൅ ߜ଺௠ ǥ ሿ݁௜௠ఝ
ସ
௣ୀଵ
ǡ ሺ͵Ǥͳͷܿሻ 
ͳ
Ͷ෍݁
ି௜ଷఝ೟݁௜௠൫ఝାఝ೛൯ ൌ ሾǥߜିଵ௠ ൅ ߜଷ௠ ൅ ߜ଻௠ ǥ ሿ݁௜௠ఝ
ସ
௣ୀଵ
ǡሺ͵Ǥͳͷ݀ሻ 
where ሾ߮ଵǡ ߮ଶǡ ߮ଷǡ ߮ସሿ ൌ ሾͲǡ ߨȀʹǡ ߨǡ ͵ߨȀʹሿ , and ߜ௠ᇲ௠ ൌ ͳ  for ݉ ൌ ݉ᇱ while 
ߜ௠ᇲ௠ ൌ Ͳ for݉ ് ݉ᇱ(Kronecker delta). By applying these orthogonalities one 
can form the following equations for each subset as   
ܧത଴ሺݎǡ ߠǡ ߮ሻ ൌ
ͳ
Ͷ ሾሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ሻ ൅ ሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨȀʹሻ ൅ ሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨሻ 
൅ ሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ ൅ ͵ߨȀʹሻሿሺ͵Ǥͳ͸ܽሻ 
ܧതଵሺݎǡ ߠǡ ߮ሻ ൌ
ͳ
Ͷ ሾሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ሻ ൅ ሺെ݆ሻܧതሺݎǡ ߠǡ ߮ ൅ ߨȀʹሻ ൅ ሺെͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨሻ
൅ ሺ൅݆ሻܧതሺݎǡ ߠǡ ߮ ൅ ͵ߨȀʹሻሿሺ͵Ǥͳ͸ܾሻ 
ܧതଶሺݎǡ ߠǡ ߮ሻ ൌ
ͳ
Ͷ ሾሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ሻ ൅ ሺെͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨȀʹሻ ൅ ሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨሻ
൅ ሺെͳሻܧതሺݎǡ ߠǡ ߮ ൅ ͵ߨȀʹሻሿሺ͵Ǥͳ͸ܿሻ 
ܧതଷሺݎǡ ߠǡ ߮ሻ ൌ
ͳ
Ͷ ሾሺ൅ͳሻܧതሺݎǡ ߠǡ ߮ሻ ൅ ሺ൅݆ሻܧതሺݎǡ ߠǡ ߮ ൅ ߨȀʹሻ ൅ ሺെͳሻܧതሺݎǡ ߠǡ ߮ ൅ ߨሻ
൅ ሺെ݆ሻܧതሺݎǡ ߠǡ ߮ ൅ ͵ߨȀʹሻሿሺ͵Ǥͳ͸݀ሻ 
where ܧത଴ǡ ܧതଵǡ ܧതଶǡand ܧതଷare the weighted sum patterns of each subset of four 
sampling locations. Due to the orthogonalities in (3.15) the SWEs of the sum 
fields ܧത଴ǡ ܧതଵǡ ܧതଶǡand ܧതଷ  can be written as  
ܧത଴ ൌ  ෍ ܥҧ௠ሺݎǡ ߠሻ
௠ୀିெǥିସǡ଴ǡସǡǡǥெ
݁௜௠ሺఝାఝ೛ሻሺ͵Ǥͳ͹ܽሻ 
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ܧതଵ ൌ  ෍ ܥҧ௠ሺݎǡ ߠሻ
௠ୀିெǥିଷǡଵǡହǡǥெ
݁௜௠ሺఝାఝ೛ሻሺ͵Ǥͳ͹ܾሻ 
ܧതଶ ൌ  ෍ ܥҧ௠ሺݎǡ ߠሻ
௠ୀିெǥିଶǡଶǡ଺ǥெ
݁௜௠ሺఝାఝ೛ሻሺ͵Ǥͳ͹ܿሻ 
ܧതଷ ൌ  ෍ ܥҧ௠ሺݎǡ ߠሻ
௠ୀିெǥିଵǡଷǡ଻ǡǥெ
݁௜௠ሺఝାఝ೛ሻǤሺ͵Ǥͳ͹݀ሻ 
In these equations, it becomes literally expressed that three out of four 
azimuthal modes disappear. As a result the number of unknowns in each 
expansion is smaller, as compared to (3.13), by a factor of four. Now instead of 
applying the direct matrix method on (3.13) it is applied on (3.17). In this way, 
instead of having one system of linear equation like (3.8), four system of linear 
equations are obtained that can be written as 
ܧധ଴ݔҧ௝଴ ൌ ܧത௧௔௥ǡ௝଴ ሺ͵Ǥͳͺܽሻ    
ܧധଵݔҧ௝ଵ ൌ ܧത௧௔௥ǡ௝ଵ ሺ͵Ǥͳͺܾሻ    
ܧധଶݔҧ௝ଶ ൌ ܧത௧௔௥ǡ௝ଶ ሺ͵Ǥͳͺܿሻ    
ܧധଷݔҧ௝ଷ ൌ ܧത௧௔௥ǡ௝ଷ ሺ͵Ǥͳͺ݀ሻ    
The set of input signals ݔҧ௝can be found by solving (3.18). For example, for 
synthesizing the mode field with ݉ ൌ Ͳ, the (3.18a) needs to be solved and the 
number of unknown to be found here is four times less that in (3.8), and the 
same goes for synthesizing the other modes as well. It is important to mention 
that one must solve the right equation depending on the mode that needs to be 
synthesized. With the reduced number of unknowns, the dimensions of the 
coupling matrices ܧധ଴ǡ ܧധଵǡ ܧധଶǡandܧധଷ in (3.18) are reduced by the factor of four as 
compared to that in (3.8). The computational burden of inverting (3.18) is 
reduced by a factor that is depended on the computer complexity of the matrix 
inversions.  
3.3.4 Near-field to far-field transformation 
Cubical surface scanning is a fascinating idea because it can be realized using 
linear scanning on six faces of a cube and hence, it provides the possibility to 
determine the complete 3D pattern instead of the pattern in a limited angular 
region as in traditional linear scanning. In [III], an investigation on the 
applicability of the cubical surface scanning for extracting the antenna 
coefficients from the SWE for determining the far-field radiation pattern is 
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presented. The analytical and discrete solution for the antenna coefficients are 
extensively discussed in [23]. In this thesis only discrete, in particularly, 
matrix inversion technique is used. 
The starting point of this work is the modeling of the antenna pattern using 
SWE. The ultimate goal is then to find computationally efficient and robust 
methods for the extraction of the antenna coefficients from the cubical scan 
data. It is noted that a straightforward method for finding the coefficients 
would be the direct matching of spherical wave modes to the measured 
samples on a cubical surface through the matrix inversion technique [23]. 
Instead of the direct matching, a two-step technique for finding the coefficients 
is presented in [III]. The AMD technique discussed in Section 3.3.3 is 
performed in the first step to reduce the computational burden of the direct 
matrix inversion. Although the second step remains computationally 
inefficient, it is anticipated that the computational complexity in the second 
step can be reduced by the application of some sophisticated techniques [43].  
In [III], the same scanning scheme described in Section 3.3.1 is considered 
for the application to the near-field antenna measurement with the exception 
of having the scanning for two tangential polarizations, instead of three 
polarizations. Computer calculations for simulating the cubical near-field 
antenna measurements are carried out for the certain antenna model with the 
electric Hertzian dipole probe for several different cases by varying the cube 
sizes and the sampling distance. The noise sensitivity of the related NF-FF 
transformations is analyzed for both direct matrix inversion technique and the 
matrix inversion technique with the AMD. The results show the feasibility of 
cubical surface scanning for extracting the coefficients up to a certain 
truncation number accurately and more importantly, show the feasibility of 
the AMD for this application that allows a reduction in the computational 
burden of the NF-FF transformation.   
3.4 Summary of the contributions of this thesis  
In spherical wave modeling, the channel is treated as a spherical-mode to 
spherical-mode channel matrix, which relates each outward propagating 
spherical mode at the Tx to that of the inward-propagating spherical mode at 
the Rx. In [I], the generation of a spherical-mode to spherical-mode channel 
matrix from data measured on a cubical scan surface, is investigated. It is 
shown that scanning with three orthogonal probe polarizations on a cubical 
scan surface, and by using the virtual array principle, provides a possibility 
Method for radio channel and near-field antenna measurements: cubical surface scanning 
41 
for generating each spherical mode independently. Nonetheless, the post-
processing of the measured data required by the cubical surface scanning is 
computationally intense. The AMD technique for the reduction of the 
computational burden for generating the spherical-mode to spherical-mode 
channel matrix is presented in [II].  
The cubical scanning technique is further investigated for the near-field 
antenna measurement and related NF-FF transformations in [III]. The AMD 
technique is also applied for a reduction in the computational burden of the 
NF-FF transformations. The results show not only the applicability of the 
cubical surface scanning for the transformation but also feasibility of the AMD 
technique in this context.  
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4. Spatial degrees of freedom in 
propagation channels 
It is of general interest among antenna research community how to improve 
the multi-element antenna design for multi-antenna technology, e.g., MIMO 
under a certain size limitation to have the spatial diversity and multiplexing 
efficiently. In contrast, the propagation research community concerns on 
channel modeling in order to test the designed multi-antenna systems in real 
propagation scenario. In Chapter 3, the channel modeling based on SWE 
introduced and the method for estimating the propagation channel responses 
in this context is proposed. In [IV], the proposed method is applied in 
estimating the DoF of the spatial propagation channel. It is obvious that 
implementing more antenna elements than the DoF of the spatial propagation 
channel leads to redundancy.   
The DoF is a measure of the effective number of the antenna elements that 
can meaningfully exploit the multipath richness of the channel for spatial 
multiplexing or diversity. It depends on multipath richness of the propagation 
channel and antenna aperture size only, and provides an upper bound on the 
number of eigenchannels that any element geometry on the antenna aperture 
can realize under the given propagation conditions. In this thesis, the DoF of 
the multipath channels is derived by means of the SWE of the electromagnetic 
fields radiated from the antenna array having a certain aperture size. An 
estimation of spatial DoF from measured multipath propagation channels in 
the multiple-input single-output (MISO) regime is presented [IV]. The DoF of 
the multipath channels on the transmit antenna having a certain aperture in 
the propagation channel is derived. An antenna array presented in Section 
3.3.1 is considered at the transmit side. The presented DoF estimation method 
is easily extendable to the MIMO scenarios in a straightforward manner, 
which is reported in [39-40]. 
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In this chapter, the spatial DoF of the propagation channels based on the 
SWE of the electromagnetic field is discussed. Section 4.1 gives a formulation 
of the MISO channel in a space and a spherical wave domain, where their 
interrelationship is described. Section 4.2 discusses the DoF of multipath 
channels in an indoor environment. Finally, the summary of the contributions 
of this thesis is given in Section 4.3. 
4.1 Spatial DoF of the MISO propagation channels 
This section initially shows an approximation of the MISO channel using the 
SWE and discusses the relationship with the conventional MISO channel 
described in space. Finally, the DoF of the MISO propagation channel 
expressed by the spherical wave coefficients is shown which provides an upper 
bound of the spatial DoF for a transmit antenna having a certain aperture in 
the propagation channel. 
4.1.1 SWE of MISO channel 
An expression of the MISO propagation channel using the SWE is formulated.  
Likewise, MIMO channel (3.1), MISO narrowband system in an equivalent 
baseband form is defined as 
ݕ௥ ൌ ܪഥݔҧ ൅ ߦǤሺͶǤͳሻ     
In MISO link, the number of antenna element at the Rx is ௥ܰ ൌ ͳ, hence in 
(4.1), ݕ௥ becomes a scalar and ݔҧ , ܪഥ  א ԧே೟ൈଵ  are the vectors. Moreover, the 
representation of the received signal in spherical wave domain becomes [5, 36-
37] 
ݕ௥ ൌ ݎҧ തܳ ൅ ߦǡሺͶǤʹሻ 
where തܳ א ԧ௃ൈଵ is the vector of the spherical-wave modes on the transmit side, 
and ݎҧ א ԧଵൈ௃ is the mode coupling vector from transmit far field to the output 
of the receive antenna port. It should be noted that the receive antenna effects 
are included inݎҧ. The vector ݎҧis defined as the propagation channel response 
in the MISO regime. The vector തܳ  is related to the input to the transmit 
antenna array ݔҧ as [21] 
ܧധ஼ݔҧ ൌ ܨധ തܳሺͶǤ͵ሻ 
The dimension of ܨധ and ܧധ஼ are defined in (3.8-3.9). Using (4.2) and (4.3), (4.1) 
is translated into   
ݕ௥ ൌ ݎҧܨധறܧധ஼ݔҧ ൅ ߦǤሺͶǤͶሻ 
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4.1.2 Spatial DoF in the MISO regime 
The DoF in the MISO regime can be explained by the SWE in (4.4). The 
number of dominant spherical wave modes is determined by the transmit 
antenna aperture size because of the mode truncation property (2.5). As the 
truncation ܰ in (2.5) is related to the total number of dominant spherical wave 
modesܬ, then larger antenna aperture can support more spherical wave modes 
to propagate over the channel, which leads to larger DoF. The DoF of the 
propagation channel ܦ୰  is given by the number of linearly independent 
coefficients in ݎҧas 
ܦ୰ ൌ ሺݎӖ୰ሻሺͶǤͷሻ  
where ݎӖ୰ ൌ ߃ሾݎҧுݎҧሿ is the correlation matrix of the MISO propagation channel 
response, ߃ሾήሿ is the ensemble average to make ݎӖ୰  full rank, ሺήሻுdenotes the 
conjugate transpose, and rank(ή) computes a rank of the correlation matrix. It 
must be emphasized again that the DoF is affected by the receive antenna 
properties in this analysis of the MISO regime.   
4.2 Measurement-based analysis of DoF  
The cubical scanning method presented in Section 3.3.1െ3.3.2 is applied to 
estimate the MISO propagation channel response ݎҧ  from practical radio 
sounding. It involves design of the transmit signal and antenna array 
configuration. The transmit signals from the antenna array for exciting the 
݆ െth spherical wave mode ݔҧ௝is calculated using (3.10) and the propagation 
channel response of the ݆ െth spherical wave mode ݎ௝becomes from (4.1) and 
(4.2) as 
ݎ௝ ൌ ܪഥݔҧ௝ǤሺͶǤ͸ሻ 
This way the required ܬ െindepended samples of ݎҧ is obtained. The rank of the 
correlation matrix (4.5) is estimated by its eigenvalues. In [IV], the 
methodology for designing the transmit signal and transmit antenna array is 
verified with the radio channel measurements performed in the anechoic 
chamber and the result provides a sound estimation for DoF.  The method is 
then applied to estimate the DoF in indoor MISO multipath channels with 
varying environmental conditions. The results show that the DoF on the 
transmit side of the considered channels are higher when the antenna 
aperture size is increased at a fixed frequency, and when the frequency 
increases for a fixed antenna aperture size. Furthermore, for a fixed 
frequency, increasing the antenna aperture size is more effective in observing 
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extra DoFs in obstructed and non-line-of-sight (NLOS) channels than in the 
line-of-sight (LOS) channels. It is also shown that for a fixed antenna aperture 
size, the use of the higher frequency brings larger DoFs in many propagation 
scenarios. Finally, the solid angle of multipath, metric of multipath richness 
defined as an angular range of dominant multipath subtended on a unit 
sphere is derived. 
4.3 Summary of the contribution of this thesis  
The spatial multiplexing is one of the most promising techniques for 
increasing the channel capacity by exploiting eigenmodes of radio channels for 
parallel data streaming. The potential of the spatial multiplexing in radio 
channels is discussed by several metrics, such as the channel capacity, the 
number of dominant eigenmodes, and the eigenvalue dispersion [44], and the 
evaluation of these metrics are restricted by the certain antenna 
configurations. In order to obtain more generic estimates of the metrics for 
various antenna types, the DoF of the spatial propagation channel is 
evaluated in this thesis. The DoF depends on the radio propagation condition 
and the antenna aperture size, but is otherwise independent of the antenna 
elements and geometry, and indicates the effective number of antenna 
elements on the aperture that can contribute to the increase of the channel 
capacity through spatial multiplexing. 
The work in [IV] provides an experimental method for estimating the spatial 
DoF of a wireless propagation channel. The work is based on SWE of the 
electromagnetic field. The method serves as an experimental validation and 
proof of previous theoretical work on the topic, i.e., the expansion of 
electromagnetic fields in spherical wave modes for an antenna independent 
representation of the wireless channel [5, 36-37, 45-46] and general antenna-
channel interaction analysis [5] and DoF of multiple antenna channels [47-48]. 
In addition, the work in [IV] strives to shed light on a number of related 
questions, such as, the effect of increasing the frequency when the antenna 
aperture size is limited, or metrics for multipath richness.   
  
 47 
5. Over-the-air test method for multi-
antenna terminals 
With the aim of evaluating overall communication performance that combines 
the performances of the mobile terminal antenna and the RF transceiver 
section in the device, OTA testing has become more popular in recent years. 
The existing standard of the OTA performance testing is meant for 2G and 3G 
mobile terminals with single antenna that is known as single-input single-
output (SISO) OTA testing [14-15].   
 
Figure 5.1. An illustration of the SISO OTA test facility in an anechoic chamber. 
 
Total radiated power (TRP) for transmit performance and total radiated 
sensitivity (TRS) for receive performance were selected as the figure of merits 
(FoMs) for such OTA testing. These methods rely on a simple 3D radiation 
pattern measurement of the antenna by using the terminal’s own RF 
transceiver section as an internal signal source, and by establishing a radio 
link with a base station (BS) emulator. The BS emulator emits the signal of 
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the suitable connection protocols for 2G and 3G technologies, e.g., GSM, 
CDMA, and TDMA. An illustration of the SISO OTA testing in an anechoic 
chamber is shown in Figure 5.1.  
In Figure 5.1, the radio link is established between the device under test 
(DUT) and the BS emulator via a reference antenna installed on an antenna 
tower. Usually, dual−polarized reference antenna is used to measure both the 
vertical and horizontal components of the radiated field by the DUT. In 
addition, a 2D positioner is used to rotate the DUT in vertical and horizontal 
axes.  
The MIMO technique is a key technology for evolving wireless technologies 
for 4G to enhance the capacity and throughput in multipath propagation 
environments. It is already known that the overall benefit of the MIMO 
technique is dependent not only on the characteristics of the multiple 
antennas but also on the spatial features of the propagation channel. Mobile 
terminals that include MIMO antenna pose new challenges and requirements 
for the OTA performance testing [49]. The most realistic way to evaluate the 
MIMO devices is to test them as they are exposed during their normal 
operation. For the accurate performance testing, the evaluation needs to be 
conducted using the BS, the multipath propagation channel, and real-world 
mobile terminal with multiple antennas. Standardization work for the 
development of the so-called MIMO OTA test methodologies is still ongoing 
and several approaches have been extensively discussed [50-52]. 
The remainder of this chapter is organized as follows. Section 5.1 briefly 
discusses the proposed performance parameters for MIMO OTA testing. 
Section 5.2 introduces the relevant channel models. In Section 5.3, an 
overview of different MIMO OTA test methodologies is presented. The channel 
emulation technique used in MIMO OTA testing is discussed in Section 5.4. 
Contributions of this thesis in this area are listed in Section 5.5.    
5.1 Figure of merits  
The FoMs TRP and TRS for SISO OTA performance testing do not take into 
account the propagation channel properties and are not sufficient for the 
correct characterization of the spatial behavior of a DUT with multiple 
antennas. Consequently, a clear need for the selection of the FoMs for the 
MIMO OTA testing has been raised. The FoMs must be such that it would 
able to distinguish a good device from a poor one. The FoMs currently 
considered in the standardization forum are listed in Table I.  
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As MIMO devices are defined to provide enhanced throughput, MIMO 
throughput becomes the predominant FoM for characterizing MIMO-capable 
user equipment (UE) performance. This active end-to-end throughput 
measurement attempts to emulate a realistic user experience by testing the 
data capacity under the influence of signal fading and in a usage environment 
[53, 55]. The channel quality indicator (CQI) defines the overall measurement 
of the channel conditions under a particular transmission mode [53]. The UE 
sends the CQI information to the BS so that BS can select appropriate 
modulation and coding scheme. The TRP is a measure of how much power the 
UE radiates and is defined as the integral of the power transmitted over the 
entire radiation sphere and TRS represents the lowest receiver sensitivity 
level of the UE’s receiver. These metrics in categories 1 and 2 in Table 1 are 
called the active FoMs measured by establishing active communication link 
with the DUT with or without realistic fading effect on the measurement 
setup. For such measurement, the transmitted signal is typically delivered by 
a BS emulator.  
Table 1. List of FoMs for MIMO OTA measurement [53.54]. 
Category 1 2 3 4 
FoMs 
MIMO throughput 
Channel quality indicator 
TRP 
TRS 
Gain imbalance 
Spatial correlation 
MIMO capacity 
Antenna efficiency 
Mean effective gain 
 
Characterization of the performance of MIMO antennas is also conducted 
using passive testing. The passive testing includes the characterization of the 
MIMO antenna radiation with respect to the FoMs of category 3 and 4 in 
Table 1. The antenna gain imbalance refers to the power imbalance between 
the antennas, including the long-term imbalance and the short-term 
imbalance.  Long-term imbalance is introduced by the feeder line, RF channel, 
the antenna hardware and so on, and short-term imbalance is mainly caused 
by the shadow fading [56]. The spatial correlation measures the similarity of 
the received signals between different antenna elements under certain 
channel conditions [57]. The MIMO capacity can be estimated using the 
measured antenna patterns and the selected multipath channel model. It 
provides the theoretical maximum capacity achievable in a communication 
link with multiple antennas at both ends under a given propagation 
environment [58]. The antenna efficiency measures the losses at the antenna 
elements and the losses due to impedance mismatch. In general, the efficiency 
is defined as the ratio between the TRP and the accepted power at the 
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terminal [59]. The mean effective gain is an essential parameter that describes 
the statistical measure of the antenna gain in a realistic mobile environment 
[60-61]. These passive metrics can easily be evaluated using the measured 
antenna radiation pattern obtained from traditional chamber test methods.    
5.2 Channel models  
When developing simulation and test strategies for characterizing the 
performance of the MIMO UE under realistic channel conditions, it becomes 
important to develop channel models that accurately represent a spatially rich 
multipath environment. Several reference channel models have been proposed 
to characterize the MIMO channel in all the dimensions, i.e., frequency, time, 
space, and polarization. Thus the channels are double-directional and 
polarimetric in angular and temporal domains [62]. There are two basic types 
of channel models currently being studied for MIMO OTA testing: geometry-
based models and correlation-based models. Examples for the geometry-based 
models are 3GPP Spatial Channel Model (SCM) [27], its extension (SCME) 
[28-31], WINNER II [32], IMT-Advanced [33] and COST2100 [34], and the 
Kronecker model [35] is in the family of the correlation-based models.    
The geometric description of the propagation channel and the separation of 
the antenna and the propagation channel are essential requirements for the 
basic radio channel model to be reconstructed in a MIMO OTA test facility. 
Facilitating the double directional channel concept [26], i.e., the separation of 
propagation and antennas, the geometry-based channel models are realizable 
with a MIMO OTA test setup whereas the correlation-based channel models 
do not fulfil these prerequisites. In the correlation-based channel model, 
generic antenna characteristics are essential to the channel model, which 
means the model itself assumes specific DUT antennas. Hence, it becomes 
impractical to measure the real DUT performance to any further extent.  
It is now noted that the MIMO channel matrix ܪന௧described in Section 3.1 is 
the quantity that is being reconstructed within the MIMO OTA test facility. 
Note that the right hand side of (3.2) can easily be separated into two terms: 
the impinging field including the transmitting antenna patterns and the 
pattern of the receiving antenna, also called DUT pattern in this thesis. When 
a single multipath component is incident from the sെth transmitting antenna, 
the impinging field observed at the uെ th receiving antenna location is 
expressed as  
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ܧത ൌ ቈܨ୲୶ǡ୚ሺ߶ሻܨ୲୶ǡୌሺ߶ሻ቉
୘
ቂߙ୚୚ ߙୌ୚ߙ୚ୌ ߙୌୌቃ ݁
௜ௗೞ௞ ୱ୧୬ሺథሻ݁௜ଶగ௩௧ǡሺͷǤͳሻ 
while the DUT pattern are  then given by 
ܩҧ஽௎் ൌ ൤ܨ୰୶ǡ୚ሺ߰ሻܨ୰୶ǡୌሺ߰ሻ൨݁
௜௞ ୱ୧୬ሺటሻǤሺͷǤʹሻ                  
In (5.1), ܧത describes the complex polarimetric amplitude of the time-harmonic 
impinging plane wave field. The MIMO OTA test facilities attempt to 
reproduce this field as accurately as possible for each single path and, as a 
more complex and realistic case, statistical distributions of the APS.    
5.3 Summary of current MIMO OTA test methodologies 
Several methodologies for MIMO OTA testing have been proposed for MIMO 
performance evaluation in the standardization forums [50-51] as well as in the 
scientific community [52]. These methodologies are strongly varied in terms of 
emulating propagation environment, complexity, and cost. Common to all 
these methods is that the test is performed either fully or partly OTA so that 
both the antenna and the propagation channel are taken into account with the 
purpose to be capable of creating an electromagnetic environment, which 
represents the true environment to which the device is exposed during its 
normal operation. The proposed MIMO OTA test methods can be categorized 
into three main approaches based on the channel emulation and test setup 
criteria:  
x Channel emulator based multi-probe anechoic chamber method;  
x Reverberation chamber method and  
x Two-stage method.     
Unless stated otherwise, a term “multi-probe method” is used to define the 
channel emulator based multi-probe anechoic chamber method in this thesis.   
In this method, a number of probes placed in different configuration around 
the DUT and a fading emulator is used to create a realistic and repeatable 
multipath environment in an anechoic chamber [63-75]. This method can 
reproduce any environment created by a reference channel model discussed in 
Section 5.2, as it does not pose any major theoretical limitation in emulating 
different channel conditions. In practice, however, this approach is somewhat 
costly due to space and required number of coherent output channels.  
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In the reverberation chamber method, the DUT and the transmitting 
antennas emulating the BS signal are placed inside of a reverberating 
chamber with conductive walls [76-79]. As the signal is fed through the 
transmitting antennas, the waves propagate inside the chamber reflecting 
seamlessly and randomly until they reach the DUT. Thus, the reverberation 
chamber is a cost effective way of reproducing a theoretical propagation 
channel where the AoAs of the waves are uniformly distributed over the 
angular domain. The difficulty with reverberation chamber methods is that 
they are not well-suited for emulating such channel conditions that would be 
in line with any geometry-based channel model, which has more directional 
selectivity.  
The two-stage method is based on the knowledge that the antenna 
characteristics can be independently measured and then mathematically 
combined with the desired channel characteristics in the channel emulator. 
The first stage in the two-stage method involves the pattern measurement of 
the DUT over the air, and the second stage involves combining of the DUT 
patterns with the propagation channel data and running the MIMO 
performance test conductively [80-81]. Hence, the two-stage method poses 
requirements of special connectors to the antenna ports, which means that the 
test is never performed in the realistic usage conditions of the DUT such as 
the head effects. 
5.4 Selected studies 
Although multi-probe method is comparatively costly, from technical points of 
view it appears to be the most flexible one for MIMO performance evaluation. 
The focus of this thesis is on multi-probe method. Section 5.4.1 is devoted to 
describe the setup of the multi-probe method. Having defined the intended 
field (5.1), several emulation techniques are discussed to emulate such field.  
To the author’s knowledge, the two most commonly used techniques are the 
prefaded signal synthesis (PFS) and plane-wave field synthesis (PWS). The 
PFS and PWS are discussed in Section 5.4.2 and some of their advantages and 
disadvantages briefly discussed in the following.  
5.4.1 Setup of the multi-probe method  
A schematic representation of the setup of a typical multi-probe method for 
MIMO OTA testing facility is illustrated in Figure 5.2, which consists of 
communication tester or BS emulator, fading emulator and anechoic chamber 
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with several OTA probes placed. The channel model affects the probe 
configurations. Since in 2D channel models the intended field to the wireless 
devices arrives on the horizontal plane, the probes are usually placed on the 
horizontal plane on a circle around the test zone. This case is referred to as the 
2D case.  If the range of possible multipath arrival elevation angles is limited 
around the horizon then the optimum probe locations would be a ‘barrel’ 
shaped configuration, which is referred to as 2.5D case. Furthermore, in 3D 
channel models where all elevation and azimuth angles are equally probable 
the probes need to be spread over a spherical surface. This case is referred to 
as the 3D case. As the intended fields (5.1) include both the vertical and 
horizontal components then both the vertically (ߠ ) and horizontally (߮ ) 
polarized probes need to be employed.   
 
 
Figure 5.2. Illustration of a multi-probe MIMO OTA testing. 
The DUT is in the center of the circular (2D case) or spherical (3D case) test 
zone. The communication tester receives an uplink signal from the DUT and 
also transmits the downlink signal, which is fed to the multichannel fading 
emulator. The fading emulator produces the multipath propagation channel.  
The output ports of the fading emulator are connected to the OTA probes.  
Typically, a power amplifier between a fading emulator output and a probe is 
required to adjust the power at the DUT. Generally, both downlink and uplink 
transmissions are required in MIMO OTA testing to get the final performance 
metric. The DUT forwards an uplink signal to the communication tester 
located outside the chamber. The uplink signal is once received by a 
communication antenna inside the chamber and then transferred to the 
communication tester via a coaxial cable. A proper communication antenna 
would be a circularly polarized antenna with high directivity. 
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5.4.2 Emulation techniques 
Prefaded signal synthesis (PFS) 
The PFS technique uses prefaded signals at each probe where the power-
adjusted signals from the multi-probes are combined over the air to produce 
an accurate angular spread representation of the signal for each delay inside 
the test zone [66, 82]. The test zone is the geometrical volume inside which the 
DUT is located during the test. In PFS, the temporal dispersion of the desired 
channel is explicitly generated by the fading emulator instead of by the ever-
changing superposition of a myriad of multipath components. The spatial 
dispersions of the channel model are mapped onto the multi-probes in such a 
way that the target spatial correlation functions can be synthesized. The 
accuracy metric of PFS technique is the root mean square (rms) error in 
spatial correlation function. The target is to find the optimum power weights 
of the OTA probes that minimize the rms error between the theoretical spatial 
correlation resulting from the target continuous APS and the synthesized 
spatial correlation resulting from discrete APS.  
Plane-wave field synthesis (PWS) 
With respect to PWS, two types of setup exist, one where the distances 
between OTA probes obey the Nyquist sampling criterion and other one where 
such criterion is not obeyed. The latter is typically the reciprocal of near-field 
antenna measurement setups (in analysis mode) or the real-time equivalent of 
the near-field setup working with virtual synthesis. The proposed multi-probe 
based OTA test setups in the literatures are of the latter type. Principally, 
irrespective of the two types, for synthesis, one should find those excitation 
voltages of the OTA probes that cause the superposition of the radiated fields 
to match the prescribed fields tangential to the surface of the test volume [21, 
83]. 
For the first type of setups, the synthesis is done just by taking the 
components of the target field at the OTA probe positions tangential to the 
test surface by utilizing the Huygens’ Principle. This is typically the approach 
studied in acoustic wave field synthesis and in [84].   
For the second type of setups, almost invariably inversion, of the known 
fields generated by the OTA probe on the test zone surface, is used to derive 
the proper excitations for the OTA probes [83, 85-87, VIII]. The PWS reported 
in [85-86, VIII] is based on the synthesis of electromagnetic field environment 
using the spherical wave theory [21] whereas [83, 87] deal with PWS based on 
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a plane-wave description. In [87], the PWS is considered for purely 2D case 
with hypothetical line sources while regular OTA ring array is considered in 
[83]. 
Advantages and disadvantages 
Of these two described techniques for emulating the field environment inside 
the test zone, an advantage of the PWS is that the PWS approach supports the 
emulation of any circumstances (e.g., angularly static or dynamic) of an 
arbitrary channel whereas PFS doesn’t support modeling of LOS path with 
arbitrary AoA and thus not with dynamic LOS path direction neither [82]. 
Additionally, PWS supports controlled linear, circular, or elliptic polarization 
of the multipath. A drawback of the PWS is requirement of the phase 
calibration that is not needed in PFS. 
In PWS technique using Huygens’ Principle, the Huygens’ sources are 
placed on the surface of the test volume and thus the required chamber will be 
small enough in size, which reduces the cost of the MIMO OTA test setup 
significantly. On the other hand, the mutual coupling between the sources will 
be increased for such a large number of sources placed on the test surfaces, 
resulting in increased measurement uncertainty and need of complex antenna 
calibration. Additionally, this method increase the system cost due to required 
number of coherent output channels of the fading emulator. 
5.5 Contributions of this thesis 
The contributions of this thesis with respect to multi-probe method for MIMO 
OTA testing are contained in publications [V−VIII]. The results of [VെVIII] 
add imperative aspects of multi-probe testing. It is of general interest among 
the mobile communications industry what are the uncertainties in the 
determination of the desired FoM with such a system, how can such systems 
be calibrated, how one can verify that the synthesized channel conditions do 
match with those of the channel model and how to compensate the near-field 
effect and range reflections. The research in this thesis is focused on clarifying 
some of these aspects in both theory and practice.   
Publication [V], clarifies the very important and cost-related issue of the 
required number of probes for synthesizing the desired fields inside the multi-
probe system. The synthesis technique utilized in [V] is the PWS based on 
spherical wave theory. According to this theory, any arbitrary electromagnetic 
fields can be described by means of SWE. This spherical wave theory offers 
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theoretical justification of the number of probes because of its well-known cut-
off properties of the basis function. First, the well-known general rules for the 
number of probes as a function of the test zone size in wavelengths are 
presented for both 2D and 3D cases, and then accurate rules for the minimum 
number of required probes have been established taking into account the 
uncertainty level of the 2D field synthesis. In order to evaluate the accuracy of 
the PWS technique, the maximum relative error between the synthesized and 
intended field on the circumference of the test zone is evaluated which is 
called equivalent reflectivity level [85]. It is shown that the number of 
required probes for synthesizing the intended plane waves with a predefined 
accuracy is dictated by the radius of the test zone and not affected by the 
number of intended plane waves of the channel model.  
In [VI], measurement uncertainties and limitations related to the use of the 
multi-probe system for reliable MIMO OTA testing are investigated against 
equivalent reflectivity level of the field synthesis. The topics related to the 
uncertainties include investigation of the required number of probes, optimum 
probe placement and the influence of the probe polarization. The investigation 
is carried out for particularly 2D multi-probe systems where WINNER II is 
chosen as a reference channel model to be synthesized. Nonetheless, any 
geometry-based channel model can be used. Computer simulations are 
performed where the radius of the probe circle is varied with different probe 
configurations. Two different probe configurations are analyzed, case 1: where 
probes are dual polarized at each location and case 2: where half of the probes 
are vertically polarized and half are horizontally polarized. The effect of probe 
placement error, i.e., probe location mismatch on the reflectivity level of the 
field synthesis is also studied.  
In [VII], the probe configurations for emulating 2.5D and 3D channels are 
studied. Different 3D and 2.5D probe configurations for MIMO OTA testing of 
different DUT sizes are assessed where IMT-Advanced urban macro (UMa) 
NLOS with uniform azimuth PAS and Laplacian shaped elevation PAS is 
chosen as a representative channel. The selected model is expected to be the 
most difficult scenario to emulate as it has the widest angular spread in 
elevation and the highest asymmetry with respect to the horizon. This is 
confirmed in [82] that the synthesis accuracy decreased with the increasing 
angular spread of the PES of the channel model. Two criteria are used to 
evaluate the probe configuration: rms error in spatial correlation function 
using PFS and reflectivity level using PWS. Both criteria provide the similar 
recommendations for different test zone sizes.    
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In [VIII] verification of the emulation technique, PWS based on the 
spherical wave theory relevant to multi-probe based MIMO OTA testing is 
presented.  A method of creating the desired channel condition using the 
limited number of probes is derived. A computer simulation platform is built 
firstly to verify the technique numerically, where WINNER II is chosen as a 
reference channel model. In the simulation, a ʹ ൈ ʹ MIMO link is considered. 
An antenna array with two half-wave length electric dipoles is considered for 
both Tx and Rx antenna. The statistical properties of the emulated MIMO 
channel matrix using the multi-probe testing are compared with those of the 
reference MIMO channel matrix. The comparison is made in terms of the 
fading statistics, spatial and temporal correlation coefficients and channel 
capacity. The correlation coefficients and channel capacity are significant 
candidates FoMs in MIMO OTA testing. Simulation results show accuracy of 
the channel emulation using the PWS technique for the considered channel. 
Furthermore, the impact of number of probes on the accuracy of reproduced 
the channel capacity is also studied. Finally, the emulation technique is 
verified experimentally by examining the emulated field inside the test zone 
and MIMO throughput in a practical 2D multi-probe test facility. The results 
demonstrate feasibility and accuracy of the PWS technique for the considered 
case. For MIMO throughput evaluation a realistic DUT with good, nominal 
and bad reference antenna [88] is considered.  
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6. Summary of the publications 
In publication [I], a new method is presented for generating the spherical 
mode responses of a channel requited in the spherical wave modeling of the 
radio channel. A natural scan surface for the direct spherical data extraction 
would be spherical. In [I], the required spherical mode responses of the 
channel are extracted from the measurement data acquired on a cubical 
scanning surface. Such data is easily obtainable with widely available 3D 
linear scanners. The field generation method from the cubical surface 
scanning is based on the spherical wave theory. The accuracy of the field 
generation is studied through simulations. Any type of probes can be applied 
with the proposed method.  
Publication [II] deals with the improvement of the data extraction in cubical 
surface scanning. The post processing of the measured data required by the 
cubical surface scanning is computationally intense. A novel technique for the 
reduction of the computational burden is described in [II]. The reduction 
method is the azimuthal mode decomposition of the field responses. The 
method utilizes the orthogonal properties of the spherical wave functions. The 
method is applicable with a general probe as it is independent of the probe 
pattern used for cubical surface scanning. 
In publication [III], the cubical surface scanning is investigated as a near- 
field measurement technique for finding the antennas coefficients for 
determining the far-field radiation pattern through the near-field to far-field 
transformation. The most important issue in [III] is to introduce the 
azimuthal mode decomposition technique to be applied as a part of the near-
field to far-field transformation allowing a reduction in the computational 
burden of the transformation. The results show the applicability of cubical 
surface scanning for extracting the antenna coefficients and importantly the 
feasibility of the azimuthal mode decomposition technique in this context.   
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Publication [IV] presents a novel method for estimating the degrees of 
freedom of the multipath propagation channel. If this number can be 
established, it will give the maximum number of antenna elements that can 
meaningfully exploit the multipath richness for spatial multiplexing or 
diversity. Publication [IV] offers an antenna-independent assessment of the 
degrees of freedom.  Method presented in [I] is applied to generate each single 
spherical wave modes as accurately as possible. The functionality of the 
method is demonstrated through measurements in an anechoic chamber. 
Acquiring the soundness of the method, the degrees of freedom of indoor 
multipath channels is analyzed. The results in [IV] have significance to both 
antenna and the radio communication research community.   
The results in publications [VെVIII] add imperative aspects of multi-probe 
based MIMO OTA testing. In publications [V] and [VI], investigations on 
related uncertainties associated with multi-probe based MIMO OTA testing; 
particularly 2D multi-probe systems are done. The topics related to the 
uncertainties include investigation of the required number of probes, optimum 
probe placement and the influence of the probe polarization. The very 
important and cost related issue of the required number of probes for 
synthesizing the desired fields inside the multi-probe system is examined in 
[V]. The synthesis technique utilized in [V] is the plane-wave field synthesis 
based on the spherical wave expansion of the electromagnetic field. The errors 
in the synthesized field with respect to the number of probes in the system are 
investigated. The rules for the minimum number of required probes are 
established by taking into account the uncertainty level of the field synthesis. 
In publication [VI], optimum probe placement and the influence of the probe 
polarization in multi-probe based 2D MIMO OTA testing are examined using 
the plane-wave field synthesis technique. WINNER II is chosen as a reference 
channel model to be synthesized.  
Publication [VII] deals with 3D and 2.5D probe configurations for MIMO 
OTA testing of different DUT sizes. IMT-Advanced channels extended to 3D 
are considered as a reference channel. The figure of merits of probe 
configurations are the rms error in spatial correlation function and the 
synthesis error calculated based on deviation between the target electric field 
and the synthesized field. The results show the similar recommendations for 
probe configurations for different DUT sizes using both figure of merits.   
Publication [VIII] deals with simulation and measurement verifications of 
multi-probe based MIMO OTA testing where plane-wave field synthesis is 
used as an emulation technique. A simulation model for multi-probe based 
Summary of the publications 
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MIMO OTA test setup is built where WINNER II is chosen as a reference 
channel model. Having confirmed the soundness of the plane-wave field 
synthesis technique by simulations and measurements, the throughputs of the 
MIMO devices are measured and compared with the simulated one. The 
results demonstrate feasibility and accuracy of the plane-wave field synthesis 
technique.   
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7. Conclusions  
This thesis contributes to the development of methods to characterize the field 
environment of the propagation channel and the radiation of mobile terminals. 
The characterization is based on the spherical wave expansion of the fields, 
which provides the opportunity to obtain a compact and comprehensive 
description of the entire problem including the base station, the multipath 
propagation channel, and the mobile terminal with multiple antennas, 
improving the accuracy with respect to the use of the traditional plane-wave 
and far-field based modeling. Furthermore, the research in this thesis can be 
used to develop evaluation methods for the performance of the MIMO systems.  
Theoretical considerations of the spherical wave expansion for the antenna 
array configuration on the cubical surface for estimating the propagation 
channel were studied in this thesis. Three orthogonal antenna polarizations 
were considered for determining the array configuration. It was shown that 
such a configuration was able to generate the spherical wave modes of the 
propagation channel. Guidelines for choosing the number of antenna elements 
of the array to generate spherical wave modes have been presented.   
Furthermore, the antenna configuration on the cubical surface was 
investigated for the near-field antenna measurement and related near-field to 
far-field transformation. The results showed the benefits of this method. 
Nonetheless, using this method for field generation and near-field to far-field 
transformation, the subsequent data processing is computationally intense. In 
this thesis, a novel technique, azimuthal mode decomposition for the reduction 
of the computational burden was presented for both the applications and the 
results showed the feasibility of this technique. Interesting future work would 
be to examine techniques for further reducing the computational burden and 
lowering the computational complexity of the near-field to far-field 
transformation.  
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The proposed antenna configuration on the cubical surface with three 
orthogonal polarizations was investigated for the estimation of degrees of 
freedom in measured multipath channels with varying environmental 
conditions.  In this work, the degrees of freedom has been derived by means of 
the spherical wave expansion of electromagnetic fields radiated from an 
antenna array on the cubical surface having a certain aperture size. The 
degrees of freedom provides the number of antenna elements on the aperture 
for efficient improvement of the system performance by utilizing the spatial 
transmission, e.g., diversity and multiplexing.   
Furthermore, in this work the MIMO OTA testing has been discussed.  In 
such testing, reproduction of radio channel environments in laboratory 
conditions is required. One possible way to synthesize radio channel 
environments is through the exploitation of multi-probe technology. Several 
practical aspects of multi-probe base MIMO OTA testing has been considered. 
First, a careful empirical study has been provided that shows the dependence 
of field synthesis error on the number of probes that are used to surround a 
device under test in an anechoic chamber. The results provide a way to obtain 
an accuracy parameter used with spherical wave functions in terms of a more 
available metric, equivalent reflectivity level. Second, a study on probe 
position error demonstrates that OTA methods are insensitive too small to 
moderate errors. Third, a study of a true OTA setup was developed and it is 
shown that system throughput performance in the MIMO OTA setup matches 
that of detailed simulations using the same channel model. Future tasks in 
the MIMO OTA testing include the evaluation of MIMO link performance in 
more realistic wireless environment including user effects and interference 
from different base stations. 
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Errata 
Publication VI 
In Section IV, p. 1382, Ɂ is the standard deviation of the Normal or Gaussian 
distribution, not the error amplitude. The mean of the distribution is ͸ι. 
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